A new xylanase gene (xyn43A) from Aspergillus niger XZ-3S was cloned and expressed in Escherichia coli BL21-CodonPlus (DE3)-RIL. The coding region of the gene was separated by only one intron 86 bp in length. It encoded 318 amino acid residues of a protein with a calculated molecular weight (MW) of 33.47 kDa plus a signal peptide of 19 amino acids. The amino acid sequence of the xyn43A gene showed 77.56% amino acid identity to A. nidulans xylanase, and the phylogenetic tree analysis revealed that xyn43A had close relationships with those of family 43 of glycosyl hydrolases reported from other microorganisms. Three-dimensional structure modeling showed that Xyn43A had a typical five-blade β-propeller fold. The mature peptide encoding cDNA was subcloned into pET-28a (+) expression vector. The resultant recombinant plasmid pET-28a-xyn43A was transformed into Escherichia coli BL21-CodonPlus (DE3)-RIL, and xylanase activity was measured. A maximum activity of 61.43 U/mg was obtained from the cellular extract of E. coli BL21-CodonPlus (DE3)-RIL harboring pET-28a-xyn43A. The recombinant xylanase had optimal activity at pH5.0 and 45 C. Fe 3+ , Cu 2+ and EDTA had an obvious active effect on the enzyme.
Introduction
Xylan, the major component of hemicellulose, is a heterogeneous polysaccharide with a linear backbone comprising β-1,4-D-xylopyranoside residues (Collins et al., 2005) .
Complete breakdown of xylan requires the action of several enzymes (Biely, 1985) . Among them, the most important one is β-1,4-xylanase (EC 3.2.1.8), which cleaves internal glycosidic bonds at random or specific positions of the xylan backbone and thus hydrolyzes xylan into xylooligosaccharide and xylose (Ahmed et al., 2009) . Xylanases deserve particular attention due to widespread applications in the animal feed, textile, waste treatment, paper and food industries (Kiddinamoorthy et al., 2008; Nagar et al., 2012; Rakhee and Narayan, 2007; Suchita and Ranesh, 2006) .
Based on amino acid sequence homologies and hydrophobic cluster analysis, xylanases have been grouped mainly into two families of glycosyl hydrolases: family GH10 and family GH11 (Henrissat and Bairoch, 1996; Wang et al., 2011) . However, enzymes with xylanase activity are also found in GH families 5, 7, 8, 16, 43, 52 and 62, but not much information is available . Since Bernier et al. isolated a xylanase gene from Bacillus subtilis PAP115 for the first time in 1983, many kinds of xylanases have been cloned (Bernier et al., 1983; Baek et al., 2012; Guo et al., 2013; Xie et al., 2012) , and expressed in heterologous hosts (Buanafina et al., 2012; Shi et al., 2013; Verma et al., 2013) . Many studies have been conducted on exploiting novel xylanases with superior properties. Although many xylanase genes have been described from diverse microorganisms, relatively little is known about the xylanase gene from A. niger XZ-3S.
A. niger XZ-3S is a high-yield xylanase strain preserved in this laboratory. Our previous work reported the production of xylanase from A. niger XZ-3S. Under the solid-state fermentation, the final activity of xylanase was 14.698.21 U/g dry substrate (Zhou et al., 2010) . In this work, we reported the sequence of xyn43A, a novel gene that encodes a GH family 43 xylanase (Xyn43A) of A. niger XZ-3S, and expression of a mature peptide-encoding cDNA fragment of Xyn43A in E. coli BL21-CodonPlus (DE3)-RIL. In addition, enzymatic properties of the recombinant Xyn43A were also characterized. To our knowledge, this is the first report describing a GHF 43 xylanase gene from A. niger XZ-3S.
Materials and Methods
Strains, plasmids and media. A. niger XZ-3S, isolated from soil as reported previously (Zhou et al., 2010) , was used for xylanase production, as well as for total RNA and genomic DNA extraction. The strain was cultured at 28 C in a liquid medium containing 1.0% tryptone, 0.5% yeast extract, 1.0% glucose and 20% corn cob extract which was made of corn core and prepared by alkaline hydrolysis (pH 9.0) for 2 h at 80 C, pH 6.0. E. coli JM109 and BL21-CodonPlus(DE3)-RIL (Novagen, Madison, WI) were used as host cells for gene cloning and expression, respectively. The strains were grown at 37 C in a Luria-Bertani (LB) medium (Sambrook and Russell, 2001 ). pUCm-T vector for cloning of PCR products was purchased from Sangon (Shanghai, China). Expression vector pET-28a(+) was obtained from Novagen.
Reagents and kits. The RNA PCR Kit (AMV) Ver. 3.0, T 4 DNA ligase, Taq polymerase, IPTG, X-gal and restriction enzymes were purchased from TaKaRa Biotechnology Co., Ltd. (Dalian, China). M-MLV reverse transcriptase was the product of Promega (Madison, WI). The SMART TM PCR cDNA Synthesis Kit was purchased from ClonTech (Palo Alto, CA). The HiTrap affinity column for Ni 2+ -chelating chromatography was from Amersham Pharmacia Biotech (Uppsala, Sweden). TRIzol reagent, saturated phenol, Ampicillin (Amp), Kanamycin (Kan), and the UNIQ-10 Column DNA Gel Extraction Kit were purchased from Sangon. Tryptone, yeast extract, and agarose were obtained from BBI (Markham, Canada). All other chemicals were of analytical grade.
Total RNA and genomic DNA isolation. After A. niger XZ-3S was cultured at 28 C for 36 h on a rotary incubator (110 rpm), the mycelia were collected through filtration and washed several times with deionized water. The total RNA was extracted from the mycelia in a one-step method TRIzol (Sangon). Extraction of the genomic DNA from A. niger XZ-3S was performed as reported elsewhere (Zhou et al., 2008) .
Purification and N-terminus sequencing of the xylanase. Aspergillus niger XZ-3S, 10 g, was extracted with 100 ml 20 mM phosphate buffer (pH 7.0) at 30 C for 30 min. The crude extract was saturated to 60% with solid ammonium sulfate. The precipitate was collected by centrifugation and then dissolved in 10 ml phosphate buffer. Xyn43A in a mixture solution was separated sequentially using phenyl-Sepharose CL-4B hydrophobic chromatography (φ1.6 cm 25 cm), Sephadex G-75 gel filtration (φ1.6 cm 100 cm) and DEAE-Sephadex A-50 ion exchange chromatography (φ1.6 cm 20 cm). All purification procedures were performed below 10 C.
The N-terminal amino acid sequence of the purified Xyn43A was analyzed on a 470A automatic sequencer obtained from Applied Biosystems (Foster City, CA). The sequence of 15N-terminal amino acid residues was determined to be NPVFPGWYADPEARL.
Primers for PCR amplification. The specific primers used for PCR are listed in Table 1 . Two degenerated primers, P1 and P2, were designed to correspond to the Xyn43A N-terminal amino acid residues NPVFPGW and WYADPE, respectively. Primer M13 (original name, M13 Primer M 4 ) and primer OT (original name, Oligo-dT-Adaptor Primer) were provided by the TaKaRa RNA PCR Kit (AMV) Ver.3.0. Primers P3 and P4 were used for 5 RACE of the Xyn43A cDNA. Primers P5 and P6 were used for amplification of the genomic DNA encoding Xyn43A. A pair of specific primers, BC and BZ, with EcoRI and HindIII sites, respectively, was used to amplify the Xyn43A-encoding gene.
Reverse transcription of total RNA. For cloning of partial cDNA by using degenerated primers, the total RNA was reverse transcribed with AMV reverse transcriptase by using primer OT. For cloning the 5 -end of the Xyn43A cDNA, reverse transcription was performed with the SMART PCR cDNA Synthesis Kit with M-MLV reverse transcriptase. The P3 primer was added to the reaction solution after the end of reverse transcription and incubated at 42 C for another 10 min so that the derived cDNA molecules could have a P3 primer sequence at their 3 -end. All the reverse transcription reactions were performed following instructions provided by the manufacturers.
DNA manipulations and E. coli transformation. Digestion of DNA with restriction endonucleases, separation of fragments by agarose gel electrophoresis, ligation of DNA fragments, transformation of E. coli with plasmidic DNA and extraction of recombinant DNA were all performed according to the standard method (Sambrook and Russell, 2001) .
Analysis of the DNA and amino acid sequences. The localization of exon/intron boundaries was predicted using the GeneMark program (http://opal.biology.gatech.edu/ Nucleotide sequence accession number. The cDNA sequence of xyn43A gene has been submitted to the GenBank database under accession number JQ700383.
Construction of the expression plasmid pET-28a-xyn43A. To analyze the enzymatic properties of Xyn43A, we constructed the expression plasmid pET-28a-xyn43A, pET-28a carrying the entire ORF region of xyn43A. The construction procedure was as follows: after the complete xyn43A gene sequence was obtained, two specific primers (forward primer BC and reverse primer BZ; EcoRI and HindIII sites shown in italics and bold) (Table 1) were designed to amplify the gene. The PCR cycling conditions comprised an initial step of 2 min at 94 C, a second step of 30 cycles including 30 s at 94 C, 30 s at 52 C and 45 s at 72 C, and a final extension step of 10 min at 72 C. The PCR product was purified from agarose gel and digested with EcoRI and HindIII. The resulting fragment was ligated into the pET-28a linearized by double digestion with EcoRI and HindIII to generate the recombinant plasmid pET-28a-xyn43A.
Expression and purification of the recombinant xylanase Xyn43A. The recombinant pET-28a-xyn43A was transformed into E. coli BL21-CodonPlus (DE3)-RIL for expression with the plasmid pET-28a (+) for control. The positive clone was grown overnight in 10 ml LB medium with 100 µg kanamycin/ml at 37 C (220 rpm), then inoculated into 1,000 ml LB medium with 100 µg kanamycin/ml at 37 C (220 rpm) and cultured until A 600 reached 0.6. The culture was induced with 1.5 mM IPTG at 25 C (220 rpm) for 3 h. Cells were harvested by centrifugation at 4 C (12,000 rpm) for 10 min and disrupted by ultrasonication. The His-tagged xylanase was purified by Ni 2+ affinity chromatography according to the manufacturer s instructions. The approx. MW and purity of the recombinant xylanase were analyzed by SDS-PAGE (12%) according to the method of Laemmli (Laemmli, 1970) . Protein bands were visualized with Coomassie brilliant blue R-250 staining. Protein was determined by the Bradford assay (Bradford, 1976 ) using bovine serum albumin as a standard. Enzyme activity assays. Xylanase activity was assayed using the 3,5-dinitrosalicylic acid (DNS) colorimetric method as described previously (Zhou et al., 2009 ) with slight modification. In brief, 100 µl of appropriately diluted xylanase solution was added to 2.4 ml of 0.5% (w/v) birchwood xylan prepared with 50 mM Na 2 HPO 4 -citric acid buffer (pH 5.0), and incubated at 40 C for 15 min. The reaction was terminated and color-developed by adding 2.5 ml of DNS reagent and boiling at 100 C for 7 min. The absorbance of the colored solution was measured at 540 nm using a UV-Visible spectrophotometer (Puxi, Beijing, China). One unit (U) of xylanase activity was defined as the amount of enzyme liberating 1 µmol of reducing sugar equivalent per minute under the assay conditions, using D-xylose as a standard, and specific activity was defined as units per mg protein (Zhou et al., 2008) . The results were means of duplicate determinations on triple independent measurements.
Enzymatic characterization of the recombinant Xyn43A. The optimal temperature was measured at 35 60 C under pH 5.0 (Na 2 HPO 4 -citric acid buffer). The optimal pH for the xylanase was evaluated at 45 C, using four buffer systems: 50 mM Na 2 HPO 4 -citric acid buffer (pH 3.0 5.0), 50 mM Na 2 HPO 4 -NaH 2 PO 4 buffer (pH 6.0 7.0), 50 mM Tris-HCl buffer (pH 8.0) and 50 mM glycine-NaOH buffer (pH 9.0). All the above assays were performed in triplicate, and the statistical analyses of the experimental data were done with Microsoft Excel (Office 2007).
To detect the thermostability of the xylanase, the purified Xyn43A was incubated in 50 mM Na 2 HPO 4 -citric acid buffer (pH 5.0) in absence of substrate at 40 C, 45 C, 50 C, and 55 C, and sampled every 5 min. Residual activities were determined under standard conditions. The pH stability of Xyn43A was also measured, and Xyn43A was diluted in the aforementioned buffer systems and incubated in the absence of substrate at 40 C for 1 h. The pH values of various reaction solutions were adjusted to pH 5.0. Then they were subjected to xylanase activity assay.
To estimate tolerance of the purified recombinant xylanase to metal ions and EDTA, purified recombinant Xyn43A was incubated with 0.5% birch wood xylan in 50-mM Na 2 HPO 4 -citric acid buffer (pH 5. , Ni 2+ and EDTA for 1.0 h at 40 C. The residual enzyme activities were assayed under standard conditions. The recombinant xylanase solution without any additive was used as a control, and its residual activity was defined as 100%.
Results and Discussion
Gene cloning and sequence analysis A 1.0-kb fragment of the 3 -end region of the Xyn43A cDNA was amplified as shown in Fig. 1a (lane 1) . This band was agarose gel-purified and subjected to a second round of PCR amplification (Fig. 1a, lane 2) . The sequencing result verified that the cDNA fragment is 1,013 bp in length and consists of 982 bp of Xyn43A cDNA and 31 bp of primer OT. Its deduced protein harbors the determined N-terminal 15 amino acid residues of the purified Xyn43A. As shown in Fig. 1b (lane 1) , a 585-bp fragment of the 5 -end region of Xyn43A cDNA was amplified as a major PCR product. The full-length cDNA sequence was obtained by assembling two cloned cDNA fragment sequences. The full-length cDNA is 1,238 bp in length (not including the poy (A)), including a 113-bp 5 -non-encoding region, a 82-bp 3 -non-encoding region, and a 957 bp ORF encoding a protein of a 19-aa signal peptide and a 299-aa mature peptide with a calculated MW of 33.47 kDa, isoelectric point (pI) niger XZ-3S, with primers P5 and P6, which were located at the 5 -and 3 -ends of the cDNA sequence. A 1,159-bp DNA fragment was amplified as shown in Fig. 1c . The sequence of the 1,159-bp DNA fragment contained the complete nucleotide sequence of the cDNA with one short intervening intron as indicated in Fig. 2 . Amino acid homology alignment of the predicted Xyn43A with five other xylanases from Aspergillus nidulans (Genbank accession number: CBF85727), Aspergillus terreus (Genbank accession number: XP_001215237), Neosartorya fischeri (Genbank accession number: XP_001260077), Paracoccidioides brasiliensis (Genbank accession number: EEH21374), and Trichophyton tonsurans (Genbank accession number: EGD94290) was carried out (Fig. 3) . The similarities between A. niger and A. nidulans, A. terreus, N. fischeri, P. brasiliensis and T. tonsurans were 77.56%, 74.75%, 71.34%, 58.75% and 62.21%, respectively. With the sequence of amino acids between Xyn43A mature peptide and 14 randomly selected kinds of xylanase from Genbank phylogenetic tree analysis, we found that the topology of the evolutionary tree of the xyn43A was quite similar to that of the other GHF 43 xylanases and that Xyn43A should be classified under the family 43 glycosyl hydrolases (Fig. 4) . Through the CFSSP (Chou & Fasman Secondary Structure Prediction Server) method analysis, we found that Xyn43A consisted of an α-helix, β-sheet and a small amount of coner with the percentage 43.1%, 60.9% and 15.4%, respectively. Three-dimensional structure modeling showed that Xyn43A had a five-blade β-propeller fold (Fig. 5) which was similar to other GH family 43 structures (Bourgois et al., 2007; Ferrer et al., 2012; Morales et al., 1995; Nurizzo et al., 2002) .
Expression and purification of the xylanase Xyn43A in E. coli
The expression plasmid pET-28a-xyn43A was constructed and transformed into E. coli BL21-CodonPlus (DE3)-RIL cells. After inducing the cells with 1.5 mM IPTG, the N-terminal His 6 -tagged xylanase was produced intracellularly. No xylanase activity was detected in the non-induced cells harboring pET-28a-xyn43A (Fig. 6) . The recombinant Xyn43A was purified from the crude extract by Ni-affinity chromatography (Fig. 6) . The MW of the recombinant Xyn43A on SDS-PAGE was approx. 34.50 kDa (Fig. 6, lane  1, 2) , which was higher than the calculated molecular weight (33.47 kDa). Maybe because of the presence of the His-tag fusion peptide in expression vector pET-28a (+), the recombinant protein had 36 extra amino acids.
Properties of the recombinant Xyn43A
Purified recombinant xylanase, reXyn43A, was used to evaluate its biochemical properties. The optimum temperature of reXyn43A was 45 C (Fig. 7a) . From Fig. 7b , we can see that the enzyme activity was relatively stable when the temperature was below 45 C, but when the temperature was above 45 C, enzyme activity decreased rapidly. With the enzyme stored at 55 C for 30 min or so, the activity was basically completely lost. Thermostability of the native enzyme was checked. When thermostability of native Xyn43A from A. niger XZ-3S was measured, 80.1% and 61.5% activity remained after 30 min at 50 and 55 C, respectively (results not shown). Although native Xyn43A was more thermostable than reXyn43A, Xyn43A was not stable above 55 C. The reduced thermostability of reXyn43A might be due to the additional 36 amino acids or incomplete renaturation. The influence of pH on the xylan hydrolytic activity of reXyn43A is presented in Fig. 7c . We found the enzyme displayed more than 70% of its maximal activity between pH 4.5 and pH 6.5 with an optimal activity at pH 5.0, which is in agreement with that of native Xyn43A. The reXyn43A retained more than 70% of its activity after incubation at pH 4.0 6.5 for 1 h at 40 C. The enzyme stability was poor and enzyme activity fell sharply between pH 3.0 and 4.0 (Fig. 7d) , while the native Xyn43A was stable over a wider pH range, retaining more than 70% of its activity after incubation at pH 3.0 7.0 (results not shown). The differ- ences in the biochemical characteristics between reXyn43A and native Xyn43A are probably due to the differences in posttranslational modifications of the two expression hosts. Now, the discrepancies in the posttranslational modification are not very clear, but the definite mechanism analysis will be taken into account in further study. Compared with xylanases from other microorganisms (Baek et al., 2012; Wang et al., 2012a, b) , reXyn43A could be more suitable for application in many of the low or moderate temperature processes, such as in the food industry. Furthermore, considering that most industrial enzymatic operations are carried out at high temperatures, the thermostability of reXyn43A could be enhanced by means of genetic engineering technology, such as N-terminus replacement or directed evolution.
The activity of the purified reXyn43A in the presence of different metal ions or chemical reagents was determined. 
